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Abstract 
The paper reports on a characteristic property of electroactive materials bearing an electron-rich 
and an electron-poor moiety, known as charge trapping. As examples of materials that exhibit this 
phenomenon, films of poly(4,4”-dipentoxy-4’-(2,2’-dicyano)ethenyl-2,2’:5’,2”-terthiophene), 
poly(2,3-dihexylthieno[3,4-b]pyrazine) and a blend between a fulleropyrrolidine derivative and 
poly(3-hexylthiophene) were investigated by cyclic voltammetry, spectroelectrochemistry and 
electrochemical quartz crystal microbalance. In the cyclic voltammetry, the reduction processes 
show the reverse oxidation potential  about 1 V higher than the expected value, indicating a strong 
stabilization of the corresponding anion species. The mechanism leading to the stabilisation of the 
anions is discussed and the results indicate that the investigated materials exhibit a remarkable and 
quite stable memory effect. 
 
Key words: charge trapping, conjugated polymers, donor-acceptor systems, polythiophenes, 
memory effect.  
 
1. Introduction  
Charge trapping is an expression used to indicate an electrochemical phenomenon for which the 
charge injected at a given potential is recovered, at least in part, at a different potential in the 
reverse scan. Charge trapping is often observed in conjugated polymers, when the potential scan 
covers the whole range where both p- and n-doping occur [1-3]. Different processes can lead to 
charge trapping  phenomena and many examples have been reported in the literature [4-16]. 
In some cases, charge trapping has been ascribed to chemical alterations of the polymers 
that, during the cyclic voltammetry (CV), originate additional reversible redox couples [4]. In some 
polythiophene-based films, the amount of trapped charge increases with the decrease of cation size, 
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probably because of the stronger interaction between small cations and polymer chains in the n-
doped state [5]. 
Solvents, oxygen or some impurities are often responsible for this behaviour that, in 
polythiophenes, is mainly due to the formation of reversible quinone-like redox states. 
Consequently, a progressive irreversible chemical transformation occurs leading to a loss of 
electroactivity.  
Charge trapping phenomena can be observed in the case of bi-layer structures, formed by two 
different electroactive polymers. In these systems, the outer layer becomes conducting only in the 
potential region where the inner polymer, which is in direct contact with the electrode, is 
conducting [6-7] and during the reverse scan the inner layer can become insulating before the 
charge injected in the outer layer is completely recovered. This phenomenon is similar to the 
electron transfer on passivated electrodes. 
A similar behaviour has been observed in conducting polymers carrying metallorganic moieties 
[8-10] with two redox systems interacting through conjugated π-electrons. In this frame, the 
voltammetric pattern of the homopolymer of tris-(4-vinyl-4’methyl-2,2’-bipyridine)ruthenium(II) 
has been ascribed to the formation of species having a true formal potential far from the potential of 
the majority sites [9]. In this case, insulated domains, where the mixed valence conductivity is not 
permitted, can grow, and the electron transfer is possible only if the potential reaches the value at 
which the mixed valence conductivity is completely restored. This process has been also indicated 
as “kinetic-trapping”[10]. 
Wide scope and interest deserve the charge trapping phenomena observed in the case of 
potentiodinamically prepared polythiophene films. Studies based on electrochemical quartz crystal 
microbalance (EQCM) measurements demonstrated that charge trapping was associated to mass 
retention into the polymer film [11] and the trapped charge was completely recovered at shifted 
potentials. On the basis of those observations, explanations for the phenomenon of charge trapping 
have been suggested by taking into account the film heterogeneity and the electrolyte composition, 
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leading to incomplete undoping processes [11-13]. For example, in tetraethylammonium-based 
electrolyte, the trapped charge was 30-40% of n-doping charge but this percentage increased in 
alkali and alkaline earth solutions [13]. Furthermore, models describing the charge trapping  effects 
have been proposed, involving deep and shallow trapping sites [14-16].  
In this paper, an interesting case of charge trapping  observed for three different electroactive 
materials is described. Two conjugated polymers, poly[4,4”-dipentoxy-4’-(2,2’-dicyano)ethenyl-
2,2’:5’,2”-terthiophene] (PCNT, Scheme 1) and poly[2,3-dihexylthieno[3,4-b]pyrazine] (PHTP, 
Scheme 1), characterised by the concomitant presence of electron-poor and electron-rich groups in 
the monomer moiety, and a blend of N-methyl-2-[(3’,4’-dibenzyloxy)phenyl]fulleropyrrolidine 
(FPYE, Scheme 1) and poly(3-hexylthiophene) (P3HT, Scheme 1) were investigated by CV, 
visible-nerar-infrared (Vis-NIR) spectroelectrochemistry and EQCM. These three materials display 
the quite complete recovery of the negative charge at an anodically-shifted potential, therefore 
revealing an interesting memory effect [17]. We suggest that the observed charge trapping 
phenomenon is originated by a conjugative redistribution of the negative charge 
acquired by cathodic reduction and by the consequent structural change of the 
material ,  and that they are intrinsic to the chemical nature of the investigated compounds.  
 
2. Experimental  
 
2.1. Solvents and chemicals 
Acetonitrile (AN, UVASOL Merck product) was dried over molecular sieves (Merck 3A) and 
stored under Ar pressure; dichloromethane (DM, Merck ACS product) was dehydrated with CaCl2 
for 12 hours, distilled in the presence of P2O5 under Ar stream and stored in the dark under Ar 
pressure; chlorobenzene (Carlo Erba RPE) and chloroform  (Merck, pro analysis) were used as 
received. Tetrabutylammonium perchlorate (TBAP, Fluka AG purum) was crystallised from 
 5
methanol and stored under reduced pressure. Solvents and solutions were degassed with Ar in order 
to eliminate oxygen. 
4,4”-Dipentoxy-4’-(2,2’-dicyano)ethenyl-2,2’:5’,2”-terthiophene was prepared as previously 
described [18]. 2,3-dihexylthieno[3,4-b]pyrazine was synthesised as reported in Ref. [19] and 
polymerised with FeCl3 after Pomerantz et. al. [20-21]. The synthesis of (N-methyl-2-[(3’,4’-
dibenzyloxy)phenyl]fulleropyrrolidine (FPYE) has been reported elsewhere [22]. Regio-regular 
P3HT was prepared as described in the literature [23]. 
Indium tin oxide (ITO) supported onto glass plates (23 Ω/square, from Balzers) was used as 
transparent conductive electrode.  
 
2.2. Film deposition 
PCNT films were prepared by repeated cyclic voltammetries between 0 and 1.2 V vs. SCE, both 
on ITO and Pt electrodes, in 1:1 AN + DM mixed solvent with TBAP 0.1 M and monomer 3 mM. 
PHTP films were deposited from DM solutions (15 g L-1) by spin-coating onto ITO substrates at 
2500 rpm or by drop casting onto the Pt coating of the quartz crystals. P3HT/FPYE blends, in 1:1 
weight ratio, were spin-coated (2000-3000 rpm) from chloroform solutions (10 g L-1) onto ITO 
substrates. The film deposition was carried out at room conditions.  
 
2.3. Instrumental methods 
The electrochemical experiments were carried out at room temperature, under Ar pressure, in a 
three-electrode cell with an AMEL 5000 multifunction electrochemical system. The reference of 
the potential was the saturated calomel electrode (SCE) separated from the working compartment 
by a liquid bridge filled with the same electrolyte of the working compartment. The 
spectroelectrochemical experiments were performed in a transparent three electrodes cell housed 
into a Lambda 9 Perkin Elmer spectrophotometer. 
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The EQCM measurements were performed by AT-cut quartz crystal resonating at 9 MHz, coated 
with two Pt electrodes (0.2 cm2) onto one of which the polymers were deposited in an amount 
ranging from 0.2 to 0.4 µg cm-2 (mass measured in air after the deposits washing and drying). The 
EQCM oscillator circuit was home-made; the frequency counter was Hewlett-Packard mod. 
53131A and the electrochemical system was from AMEL. The present paper reports the data of 
EQCM in arbitrary units (a. u.) to prevent eventual deviation from the Sauerbrey equation due to 
changes in rigidity or viscosity of the polymer during redox processes. 
 
3. Results and discussions 
 
3.1. Charge trapping in conjugated polymers bearing electron-rich and electron-poor moieties 
 Though the charge trapping effect exhibited by PCNT electroactive films has been already 
reported [18,24], it has not been sufficiently investigated and further information can be attained on 
this intriguing phenomenon from the EQCM measurements here reported. The voltammogram and 
the relative variation of EQCM signal for a PCNT film on Pt electrode are shown in Fig. 1. The 
anodic wave of PCNT has an oxidation peak at about 0.75 V (Fig. 1a, dotted line) that is in the 
typical region of the thiophene-based conjugated polymers. A peak at about –1.0 V characterizes 
the cathodic wave but the reverse wave (Fig. 1a, full line) occurs at potentials close to that of the 
oxidation of the neutral polythiophene. The difference between the reduction peak potential and the 
related reverse peak potential at 50 mV s-1 is 1.26 V, at 20 mV s-1 it decreases to 1.18 V but it 
remains almost constant at lower scan rates. The EQCM measurements showed that the signal 
increase, due to the n-doping, occurs in the potential range between –0.7 and –1.0 V. The relatively 
constant  EQCM signal of the n-doped film during the reverse scan indicates the stability of the 
charge trapped into PCNT in the range between –1.0 and –0.1 V, which could be the base process 
for the development of a material with memory effect. A quite complete recovery of the n-doping 
mass occurred in the range between -0.1 and 0.2 V. Of course, the peak at about 0.1 V of the n-
 7
doped material was not present if a voltammetry was carried out from –0.1 to +1.5 (Fig. 1a, dotted 
line). If the Saurebrey equation can be considered valid, the ratio between the mass and the charge 
variation in the n-doping process gave a molar weight of the dopant in accordance with the TBA+ 
inclusion [24]. A deeper analysis of the EQCM signal/charge curve (Fig. 1b) shows that the slope is 
constant during the reduction process, while a small variation of the slope occurs during the 
successive neutralisation, indicating that undoping is not a simple process but is likely composed of 
two steps. Anyway, the successive anodic sweep (Fig. 1a, full line at positive potentials) gave a 
voltammogram quite exactly superimposed to that of the initial anodic scan (Fig. 1a, dotted line) 
confirming the reversibility of the charge trapping process. The curve of Fig. 1b shows that the total 
cycle involving both n- and p-doping processes has a very high coulombic efficiency. 
Fig. 2 shows the absorption spectra of PCNT in different states. Pristine PCNT has an absorption 
band at high wavelengths (around 800 nm, Fig. 2a, curve 1), ascribed to a charge-transfer complex 
[24], that band disappeared after the first cathodic cycle (Fig. 2a, curve 2) but it was again 
detectable when, after a complete anodic cycle,  the polymer was maintained several hours without 
applied potential (Fig. 2a, curve 4). The spectra recorded at –0.25 V were different if the potential 
was reached either after a cathodic voltammetric cycle (Fig. 2a, curve 2) or after an anodic 
voltammetric cycle (Fig. 2a, curve 3). The difference between curves 2 and 3 is reported in Fig. 2b 
(full line) and it was found to be reproducible for several consecutive experiments (Fig. 2b, dotted 
line). The difference between curves 2 and 3 highlights that the cathodic cycle produces an increase 
in the absorption of PCNT at 600 nm and a decrease of the band towards the NIR region. 
The reduction of PCNT, occurring at about -1.0 V (Fig. 1a), is likely due to the reduction of the 
malonylidene moiety of PCNT [18], the potential being too anodic to be ascribed to the reduction 
of the polythiophene chain. Because of the conjugative connection between the polythiophene 
backbone and the CN-bearing chains, the negative charge increases the π-electron density of the 
polythiophene backbone [24] enhancing the absorption in the NIR region (Fig. 2). On the contrary, 
after the successive oxidation, the presence of the electron-withdrawing CN moiety makes the 
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polythiophene chain quite electron-deficient in the neutral state, with the consequent absorption 
increase in the Vis region (Fig. 2). 
The conjugative communication between electron-poor (CN group) and electron-rich moiety 
(polythiophene chain) leads to a high delocalisation of the negative charge injected at the cathodic 
potential. The rearrangement of the film reasonably involves also the cation which strongly 
interacts with the n-doped polymer. The highly conjugated molecule produces a variety of 
resonance non-degenerate states that could favour a reorganization of the material and this likely 
shifts the recovery of the cation to a less-negative potential. 
PHTP has been described as a low-bandgap polymer characterised, in the neutral (undoped) state, 
by a rigid quinoid 2,5-dithienylidene structure [20-21,25-28]. It can be represented as the 
combination of two parts with different electronic properties: the electron-rich thiophene backbone 
and the electron-poor pyrazine rings. In accordance with previous results, the voltammogram of 
PHTP both on Pt and ITO (Fig. 3a and Fig. 4a) and its absorption spectra on ITO (Fig. 4b) show 
the typical behaviour of narrow-bandgap materials (bandgap of about 0.8 eV).  
The CV’s of PHTP also reveal a charge trapping effect after the cathodic scan (peak between -1 
and -1.15 V, Figs. 3a and 4a, full line). Interestingly, only a partial charge trapping was observed 
for films deposited by drop-casting on Pt, in fact about 50% of the charge was re-oxidised at the 
expected potential (-1.08 V), while the remaining part was recovered at about 0.18 V. EQCM 
measurements showed that n-doping occurs in the potential range between –0.7 and -1.5 V, while 
the reverse process is split in the two potential regions ranging from –1.5 to -1.0 and from –0.1 to 
0.4 V (Fig. 3a, dashed line). If the Sauerbrey equation can be considered valid, the slope of the 
mass/charge curve (Fig. 3b) during n-doping gives a value somewhat higher than the molar mass of 
TBA+, indicating that the process could involve the solvent. The reverse process occurs with two 
different steps in which the EQCM signal decrease per unit of charge is different, likely because 
one of them involves the reorganization of the polymer. In the anodic scan the charge was not 
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entirely recovered (Fig. 3b) but a negative current at the end of the voltammetric cycle suggests that 
a potential lower than 0 V is required for the complete neutralisation of p-doped PHTP. 
On the other hand, n-doped PHTP deposited on ITO substrate trapped the charge completely up 
to about -0.2 V (Fig. 4a) and the typical absorption spectrum of the negative polaronic state 
remained quite unchanged when the potential was swept up to –0.2 V (Fig. 4b, curves 2 and 3). 
However, the spectrum of the pristine neutral polymer was restored if the potential of –0.2 V was 
reached after a subsequent sweep passing through the anodic switching (1 V), at which the positive 
polaron state was attained. These findings suggest that, for PHTP, the substrate and the deposition 
conditions can play a considerable role in the amount of trapped charge, indicating that the film 
thickness or morphology could affect this phenomenon. 
The voltammetric and spectroscopic behaviours of PHTP are similar to those exhibited by PCNT, 
so the mechanism suggested for charge trapping in PCNT can be extended to PHTP, in which 
electrons should be injected in the poly-quinoid system giving a quinhydrone-like radical-anion that 
stabilizes the charge by delocalization on the electron-poor pyrazine moiety. Though aromaticity is 
lost in the pyrazine system, there is an energy gain due to the restoration of the aromatic 
polythiophene fragments along the backbone.  
 
The mechanism of charge trapping that we suggest for PCNT and PHTP is summarized in the 
scheme of Fig. 5. D and A indicate the electron-rich (“Donor”) and the electron-poor (“Acceptor”) 
moieties of the DA molecule, respectively; C+ and X- indicate the ions coming from the electrolyte 
and the arrows between D and A indicate the drift of the negative charge. DA is reduced at the 
potential Er close to the reduction potential of the A moiety in which the electron is injected. As 
stated by EQCM results  (Fig. 1), C+ counterbalances the radical anion of the material, then, the 
negative charge delocalizes on wider regions of the molecule including the D moiety, with a wide 
possibility of resonance configurations, which favour the material reorganization to a more stable 
supramolecular arrangement, likely including also C+ and solvent. Owing to the reorganization 
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energy gain, confirmed by the spectral changes (Figs. 2 and 4), the re-oxidation of the radical anion 
occurs at a more positive potential (En). The energy related to the potential shift (∆E = En - Er) 
between the direct and reverse peaks of the reduction scan accounts for kinetics and energy 
involved in the supramolecular reorganization. However, some regions of the films can be 
structured in a way that hinders the supramolecular rearrangement, as it appears evident in the case 
of PHTP on Pt (Fig. 3, full line) in which a part of the reduced polymer is re-oxidized at the 
expected potential. It is reasonable that the way of deposition could affect the polymer chains 
arrangement and, therefore, the extent of the supramolecular reorganization of the reduced species. 
 
3.2. Charge trapping in the donor-acceptor blend 
Blends of conjugated polymers and soluble derivatives of [60]fullerene are versatile and efficient 
systems for the development of organic photovoltaic devices [29-30]. Early investigations of 
P3HT/fullerene blends, developed by Yoshino et al. [31], reported a ground-state doping effect of 
the polymer by fullerene. The charge transfer process was evidenced by the modifications observed 
in the voltammetric peaks corresponding to the reduction of fullerene and to the oxidation of the 
polythiophene chain. By contrast, only a partial charge transfer from fullerene to the polymer was 
observed in the ground state of poly (3-octylthiophene)/fullerene blends [32].  
Some indications of a partial charge transfer in the ground state of P3HT/FPYE blends have 
already been given [33].  P3HT thin film exhibited just a moderate absorption in the NIR region 
(around 1000 nm), because of an oxidative process due to air exposition, but a remarkable growth 
of the NIR band was observed when the polymer was blended with FPYE (Fig. 6), indicating an 
interaction between the two components. 
The reduction peak of the P3HT/FPYE blend was observed at a more negative potential than that 
of FPYE dissolved in chlorobenzene (-0.7 V for FPYE in solution and -1.07 V for the P3HT/FPYE 
film, Fig. 7). Different counterions (Li+ or TBA+) did not produce a substantial shift of the cathodic 
peak position, but just small changes in its shape [33]. On the other hand, the oxidation potential of 
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P3HT showed a remarkable anodic shift in the blend (Fig. 7). These observations suggest that the 
ionisation potential of P3HT increases in the blend, while FPYE becomes a weaker electron-
acceptor. 
Taking into account both the cathodic shift of the reduction potential of FPYE in the blend, with 
respect to its position in solution, and the anodic shift of the oxidation potential of blended P3HT 
with respect to the value observed for pristine P3HT film (Fig. 7), the stabilisation energy of the 
blend formation is estimated nearly 0.5 eV. This value for the stabilisation energy gives an idea of 
the relevance of the interaction between the two components in the blend. 
The voltammetric pattern of the P3HT/FPYE blend revealed a charge trapping effect whenever a 
cathodic cycle followed by an anodic one was carried out (Fig. 7). In fact, when the anodic cycle 
followed a scan toward cathodic potentials (at which the reduction of fullerene moiety occurs), the 
oxidation of the blend film, at potentials ranging from 0.4 V to 1.2 V, required a higher amount of 
charge than that related to the reverse reduction process (from 1.2 V to 0.4 V). As in the case of 
PCNT and PHTP, also for the P3HT/FPYE blend the re-oxidation of the species produced by 
reduction occurred at anodically-shifted potentials. The anodically-shifted re-oxidation of C60˙¯ has 
often been observed in the presence of bulky cations and Li+ [34]. This phenomenon has been 
ascribed to the energy required for the reorganization of the pairs C60˙¯/counterion just after the 
fullerene reduction and is typical for systems characterized by the so-called N-shaped free energy 
function [35]. However, in the present case, FPYE did not show any re-oxidation peak up to 1.2 V 
[33]. Therefore, we suggest that, after the reduction of the fullerene moiety, the charge spreads over 
a supramolecular structure involving both FPYE and P3HT, thus leading to a reorganization of the 
material and to a gain in the stability of the radical anion. An energy gain of about 1.7 eV was 
estimated on the basis of the difference between the expected reverse peak of FPYE reduction and 
the potential at which the re-oxidation occurs in the blend.  
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The results obtained for the P3HT/FPYE blend are in agreement with the mechanism suggested 
for PCNT and PHTP, but the charge reorganisation is an intermolecular process involving both the 
components of the blend. The scheme of Fig. 5 can be redrawn for the reduction-re-oxidation 
processes of P3HT/FPYE, in general for D/A blends in which the components have different 
electronic affinities and extended π-conjugated systems, as shown in Fig. 8. During the reduction at 
the potential Er, the negative charge injected into the electron-poor component (A) undergoes an 
electronic drift towards the electron-rich counterpart (D) through the D/A interface. The charge 
acquired by A can be shared with D to form a charge-transfer complex or other interacting species, 
also involving C+. The formation of the complex and the delocalisation of the negative charge 
likely lead to a new supramolecular architecture, which increases the stability of the material with a 
consequent gain of an amount of free energy (∆Grn). Consequently, the reorganised anion is re-
oxidised at the shifted potential En. In the case of P3HT/FPYE, the re-oxidation of the anion species 
cannot be distinguished from the oxidation of the polythiophene chain, so the system consecutively 
undergoes the neutralization, the reverse reorganization and the oxidation, reaching a positively 
charged state. After the neutralization of the positively charged state, the system reaches the 
pristine state after a complete cycle. Consequently, the cathodic peak in successive CV’s occurs at 
the same potential of the first one. 
 
4. Conclusions 
The phenomenon of charge trapping was investigated by CV, spectroelectrochemistry and 
EQCM in two polymers (PCNT and PHTP) bearing an electron-rich and electron poor moiety, and 
in a donor-acceptor blend (P3HT/FPYE). Though the systems are very different, the charge 
trapping phenomenon can be framed into two mechanisms that differ just in the step for which the 
negative charge, electrochemically injected in the electron-poor moiety, delocalises in a wider 
region of the material.  In fact, an intramolecular delocalisation occurs in PCNT and PHTP through 
their conjugative electronic system, while in the P3HT/FPYE blend the delocalisation follows an 
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intermolecular path.  A more stable structure after the reduction process is attained for all the 
investigated systems. The enhanced stability of the charged state can be the base for the 
development of materials with memory effect. 
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Figure captions 
 
Scheme 1.  Molecular structures. 
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Fig. 1.   (a): CV at 20 mVs-1 in AN + 0.1 M TBAP of 6.72 µg PCNT on Pt (full line) and the 
variation of the EQCM signal (dashed line).  The anodic cycle of the pristine PCNT film (dotted 
line) is also shown. (b): variation of the EQCM signal vs. charge during the voltammetric n-doping. 
Electrode area 0.2 cm2. 
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